INTRODUCTION: THE COMBAT AGAINST RINDERPEST
Rinderpest is a devastating disease of cattle caused by a virus which is a member of the Morbillivirus genus of the family Paramyxoviridae. Rinderpest originated in Asia in ancient times and is one of the oldest known plagues of domestic livestock, with recognisable descriptions of the disease dating back to the 4th century AD. In more recent times, plagues of rinderpest swept across Europe in the 18th and 19th centuries. During these two centuries, millions of cattle were lost each year in Europe. In 1889, a catastrophic outbreak of rinderpest in Africa was caused by infected cattle which were imported from India to feed soldiers engaged in a military campaign in Abyssinia. The subsequent panzootic spread to almost all parts of the continent and destroyed over 90% of domestic cattle and wild buffalo; many other wildlife species were also severely affected (19) .
By a vigorous policy of vaccination, slaughter and quarantine, rinderpest was eliminated from Europe, Korea, Japan and Southern Africa. The last outbreak of rinderpest in domestic cattle in Europe occurred in Belgium in 1920 and was caused by mixing infected zebu cattle in transit from India to Brazil with local cattle. An outbreak also occurred in 1949 in the Zoological Collection in Rome, Italy, caused by the importation of an infected antelope. However, this outbreak did not spread to domestic animals. Isolated cases of rinderpest have occurred in several other parts of the world, including Brazil in 1921 and Australia in 1923, again in association with the importation of live infected cattle and pigs. Rinderpest was introduced into Japan from mainland China in the late nineteenth century but was eradicated by 1923.
However, rinderpest is still prevalent in Africa, the Middle East, and Central and South Asia, sometimes causing major economic losses. Rinderpest outbreaks often follow wars and civil disturbances, conditions which allow unrestricted movement of people and troops along with live food animals which can carry the virus. Recent outbreaks in Lebanon, the Middle East and Sri Lanka have continued this pattern. The outbreak in Sri Lanka occurred after a forty-year period during which the island was free of the disease, and was probably caused by live goats brought with troops from India and traded locally (1) . In 1991, rinderpest reappeared in Turkey as a consequence of the Gulf War, affecting approximately 4,000 cattle (22) .
In view of the economic and social importance of rinderpest in developing countries, several internationally-funded programmes have been initiated to eradicate the disease. In Africa, the Pan-African Rinderpest Campaign (PARC) commenced in 1987. In the Middle East, the West Asia Rinderpest Eradication Campaign (WAREC) began in 1989. In South Asia, the South Asia Rinderpest Eradication Campaign (SAREC) has been proposed and provisional coordinating activity was started in 1992. In addition, Operation Rinderpest Zero was launched in India in 1992, with financial support from the Commission of the European Communities.
IMPROVING THE STABILITY OF VACCINES
Apart from the question of funding, the one major problem faced by these eradication programmes is the lack of a well-established cold chain system in the target regions. The live attenuated rinderpest vaccine currently in use is highly effective in protecting animals against rinderpest. However, the vaccine is extremely heat-labile and the regions where rinderpest is endemic generally have very hot climates. Therefore, attempts have been made to improve the heat stability of this vaccine by cloning a heatstable variant of the vaccine virus and/or improving lyophilisation techniques. These attempts have met with considerable success (17) .
Global eradication of smallpox was achieved by a massive international eradication campaign. In 1980, the World Health Organisation (WHO) declared the world free of smallpox, a hallmark in the history of microbiology which clearly demonstrated the practical feasibility of eradicating a highly infectious viral disease by intensive vaccination. Several factors contributed to the success of the smallpox eradication campaign (11) , some of which are applicable to rinderpest eradication, as follows:
-The virus consists of only one serotype and, following vaccination or recovery from infection, the animals are immune for life.
-Most infected animals develop clinical signs of disease and can be identified, meaning that very few asymptomatic carriers exist.
-Highly effective vaccines are available.
To overcome the cost and difficulty of establishing an effective cold-chain system to deliver the live attenuated vaccine, a heat-stable smallpox vaccine was developed (9) , contributing greatly to the effectiveness of the smallpox eradication campaign in regions where a cold chain was not available. Because of the inherent fragility of paramyxoviruses, one cannot expect that heat stability comparable to that of the smallpox vaccine will be achieved by adapting the current live rinderpest vaccine using conventional biological techniques. Among the most promising approaches is the development of recombinant rinderpest vaccines (RRVs), using the more stable poxviruses as vectors to deliver protective rinderpest antigens. The smallpox vaccine (vaccinia virus) has been widely used as a vector for viral antigens, and the highly successful rabies recombinant vaccine is an example of the successful field use of such a recombinant (7) .
At present, several types of RRV have been developed, using both vaccinia virus and capripox virus as vectors. All of these have been shown to be effective in protecting cattle against rinderpest, in small-scale containment-type experiments. In the United States of America (USA), Yilma et al. (27) developed several types of RRV by inserting either the haemagglutinin (H) or fusion (F) gene of the virulent Kabete O strain of rinderpest virus into the thymidine kinase (TK) region of either the WR (Western Reserve) or the Wyeth strain of vaccinia virus. Protection against rinderpest in cattle was reported only for the RRV based on the WR strain, using the intradermal route for vaccination. A combination of the RRVs containing the H (H-RRV) and the F (F-RRV) genes of rinderpest was shown to provide complete protection to cattle, upon challenge inoculation into the prescapular lymph nodes using the virulent homologous Kabete O strain of rinderpest virus. However, an Expert Consultation Committee of the Office International des Epizooties (OIE) considered the WR strain unsuitable for field use due to potential health risks for humans (18) , and therefore a double recombinant vaccine was subsequently constructed by inserting the rinderpest F gene into the vaccinia haemagglutinin gene region of the Wyeth strain and inserting the H gene into the TK region. The double recombinant vaccine was then shown to protect cattle in a similar way to vaccination with the two separate RRVs, although a lower immunogenicity (in terms of antibody response) was noticed with the double recombinant vaccine based on the Wyeth strain than with those based on the WR strain (13).
In the United Kingdom, Barrett et al. developed an RRV by inserting the F gene of the RBOK (rinderpest bovine old Kabete) vaccine strain of rinderpest virus into the TK region of the WR strain of vaccinia virus (3, 6) . Efficacy was first examined in rabbits and later in cattle and pigs. Although the RRV failed to completely protect rabbits against challenge with virulent lapinised rinderpest virus, the RRV completely protected cattle and pigs against a highly virulent Middle Eastern strain of the virus after either one or two vaccinations. As this RRV also used the WR strain as a vector, efforts were then switched to the development of RRVs using capripox virus as a vector (21) .
In Japan, Yamanouchi et al. developed a RRV by inserting the H gene of the lapinised (L) strain of rinderpest virus into the haemagglutinin region of the highlyattenuated vaccinia virus (LC16mO strain), as illustrated in Figure 1 . This is a derivative of the Lister strain which is further attenuated for humans. The efficacy of this RRV was demonstrated first in rabbits (2, 23) and subsequently in cattle (26 
Generation of recombinant rinderpest vaccine using vaccinia virus vector
The current situation with regard to this RRV is summarised below, especially in relation to efficacy and safety.
CONSTRUCTION AND CHARACTERISATION OF A RECOMBINANT RINDERPEST VACCINE

Selection of vector
Vaccinia virus has been used as a smallpox vaccine for nearly 200 years, since the era of Jenner. A great deal of information has been accumulated over the years on the safety, as well as the risks, of using such vaccines in humans. Adverse reactions associated with smallpox vaccination generally occur at a frequency of 1 in 300,000. These reactions include generalised vaccinia, which tends to occur in immunocompromised individuals. Post-vaccinal encephalitis, especially in infants of less than one year, occurs at a frequency of 10-20 cases per million. During the campaign for the global eradication of smallpox, the WHO conducted comparative investigations on the side-effects of the smallpox vaccines available at that time. Data included the frequency of fever, which was determined by the duration of a temperature higher than 37.9C for 2-3 days (20) . Of the vaccine strains tested, the level of adverse reactions was lowest for the Lister strain, followed by the Ecuador strain, and highest for the Copenhagen strain. On the basis of these results, the WHO employed the Lister strain for the later stages of the smallpox eradication campaign. Eventually, approximately two-thirds of manufacturers used the Lister strain for vaccine production. Although the Wyeth strain of the New York Board of Health was not included in this investigation, this strain was also employed to some extent during the smallpox eradication campaign.
Due to the well-documented side-effects caused by vaccinia virus, many attempts were made to further attenuate the smallpox vaccine. Thus, the CV-1 strain was developed from the Wyeth vaccine, the MVA strain from the Ankara vaccine, and the LC16m series from the Lister vaccine. Among these, the LC16m series are the only vaccines with which government-controlled trials have been conducted in humans, to confirm both the attenuation and the efficacy of the resulting vaccine. The smallpox vaccine strains have been classified into the following three categories by the OIE Expert Consultation Committee on RVVs (18) The WR strain, which has been widely used as a vector for foreign antigens, was considered to be suitable only for experimental purposes; this is a neurotropic strain (developed from the Wyeth strain by mouse brain passage) which has never been used as a human vaccine.
The LC16m series were developed by selecting temperature-sensitive mutants from the Lister vaccine in RK13 cells (established cell line of rabbit kidney). After 42 passages, the LC16mO strain was obtained. In 1973-1974, this strain was tested on approximately 1,000 individuals. The rate of fever (25.6% with the Lister strain) decreased to 12.5% with the mutant strain, although local skin reactions were similar in both cases. Intracerebral inoculations into rabbits and monkeys were conducted to evaluate the risk of post-vaccinal encephalitis. The Lister vaccine caused encephalitis in both these species, whereas the LC16m0 strain did not show neurovirulence. These experiments confirmed the attenuation of the LC16m0 strain, especially in terms of neurovirulence (15) . The LC16m0 strain was subjected to three further passages, and the LC16m8 strain was obtained. This strain was found to be similarly attenuated with regard to neurovirulence in laboratory animals, but showed a decreased growth rate in rabbit skin. In large-scale human trials (first on 10,000 individuals and later on 50,000 individuals), further attenuation of the LC16m8 strain over the parental Lister strain was confirmed, in terms of skin induration and fever rate. In 1976, the LC16m8 strain was licensed as attenuated smallpox vaccine. However, this strain was considered unsuitable as a vector for RRV, due to the decreased growth rate in rabbit skin, which suggested that LC16m8 might also show a decreased growth rate in cattle skin. Therefore, the LC16m0 strain was selected as a suitable vector, as this strain will grow efficiently in skin of both cattle and rabbits.
Efficacy
In preliminary tests using rabbits, intradermal vaccination induced antibody against the H protein, detected by immunoprecipitation and virus neutralising antibody. On challenge with the L strain of rinderpest virus, vaccinated rabbits were completely protected against both clinical disease and challenge virus-induced immunological disturbance (e.g. immunosuppression and autoimmunity). The thymus, spleen, mesenteric lymph nodes and other lymphoid tissues were collected on day 7 (corresponding to the time of maximum growth of the challenge virus in control animals). No infectious virus could be recovered from these tissues, nor were any histological lesions detected. However, an increase in virus neutralising antibody titre was observed, and antibodies to rinderpest virus NP, P, F and M proteins were detected, although at a much lower level than in the non-vaccinated control animals. These data indicate that limited growth of the challenge virus had occurred in tissues other than the lymphoid tissues. The minimum immunising dose of the RRV in rabbits was found to be 102 plaque-forming units (PFU) (2).
The efficacy of the RRV in cattle was first investigated at the containment facility of the Indian Veterinary Research Institute at Mukteswar in Uttar Pradesh (25) . Hill bulls of Indian breed were subcutaneously vaccinated with the RRV. All the vaccinated cattle were completely protected against challenge with a virulent Indian isolate of rinderpest virus. However, animals in the non-vaccinated control group died from clinical rinderpest, and rinderpest virus antigens were detected in the lymphoid tissues of these animals by agar gel immunodiffusion. The minimum immunising dose of the RRV was 10 4 PFU.
Detailed studies have also been conducted at the high containment laboratory of the Biotechnology and Biological Sciences Research Council (BBSRC) Institute for Animal Health in Pirbright, United Kingdom (26) . Friesian x Aberdeen steers aged approximately 10 months were vaccinated subcutaneously with the RRV. Antibodies against rinderpest virus and vaccinia virus were detected in these animals by virus neutralisation and enzyme-linked immunosorbent assay (ELISA), respectively. All the vaccinated cattle were completely protected against challenge with 10 4 TCID 50 (50% tissue culture infective dose) of the virulent heterologous Saudi 1/81 strain of rinderpest virus. An increase was noted in virus neutralising antibody against rinderpest virus, but not in ELISA antibody against vaccinia virus. This indicated that limited replication of the challenge virus had occurred. The minimum immunising doses (estimated in terms of mortality and morbidity) were 10 5 PFU and 10 4 PFU, respectively. Thus, the RRV was shown to be effective against both Indian and Middle East isolates of rinderpest virus. The difference in minimum immunising dose between Indian and British tests may be due to differences in virulence and/or dose of the challenge viruses.
In the experiments performed at the Pirbright Laboratory, the effect of pre-existing immunity to vaccinia virus on the efficacy of the RRV was also examined. Cattle were first inoculated intradermally with the Lister vaccine, and three weeks later subcutaneously inoculated with the RRV. These animals developed neutralising antibody against rinderpest virus at almost the same level as those without immunity to vaccinia virus, but slightly later. On challenge with the Saudi 1/81 strain, all animals were completely protected, whereas the control animals (which included animals inoculated only with the Lister vaccine) developed clinical rinderpest. These results indicated that the RRV can be used in areas where other orthopoxviruses (e.g. buffalo poxvirus) are present, and where pre-existing cross-reactive immunity to vaccinia virus might be present in the target animals.
The duration of immunity afforded by the RRV was examined in rabbits. High levels of rinderpest virus neutralising antibody were found to persist for more than two years. Experiments to test the duration of immunity in cattle are now in progress at the BBSRC Institute for Animal Health, and protective immunity against challenge with virulent rinderpest virus was shown to persist for at least one year. The efficacy of the RRV in calves with maternal antibody remains to be examined.
Immune mechanisms
The immune mechanisms involved in the protection given by vaccination -either with the RRV in cattle or with smallpox vaccine in humans -are unknown. However, from clinical observations on humans immunised with smallpox vaccine and from the results of experimental infection of animals with vaccinia virus, the relatively greater importance of cell-mediated immunity over neutralising antibody responses has been demonstrated (8, 10) . On the other hand, it has recently been suggested that recombinant vaccinia virus provides an insufficient stimulus to the generation of cytotoxic T cell responses in humans (14) . As clinical protection against virulent challenge with rinderpest virus has been observed in cattle without detectable neutralising antibody response, the importance of cell-mediated immunity may be deduced. In preliminary experiments, lymphocytes of cattle obtained one week after vaccination were shown to proliferate in response to stimulus by rinderpest virus antigens, indicating the development of some type of cell-mediated immunity. Since the detection of cytotoxic T cells requires autologous target cells expressing rinderpest virus antigens, the establishment of a test system using such autologous target cells is being attempted at the BBSRC Institute for Animal Health.
Safety
Smallpox vaccine has been produced in cattle for approximately 150 years, since this method of production was developed by Negri in Naples in the mid-1840s (5). The yield of smallpox vaccine from one animal can be as high as a quarter of a million doses, and cattle recover after harvesting of the crude vaccine pulp from their skin. Cattle are therefore highly tolerant of enormous doses of vaccinia virus.
The subcutaneous route was selected for vaccination with the RRV, as this was considered to be the safest route for field use, with a reduced likelihood of excretion of the RRV from the site of inoculation. This route has also been attempted for smallpox vaccination. However, the level of immunity was slightly lower than by the normal intradermal scarification method (12) . Moreover, the original smallpox vaccine consisted of infected calf dermal tissues, in which contamination with bacteria such as Staphylococcus was common. Therefore, the subcutaneous route could not be employed in practice for smallpox vaccination. The RRV is produced in cell culture, to ensure that the vaccine is free from contamination with extraneous agents (including bacteria), and the subcutaneous route can therefore safely be used. In addition to the safety aspect, this route favours the administration of an accurate dose of the RRV. In practice, the subcutaneous route is used for the current rinderpest vaccine, which can thus be applied easily for field use.
In cattle vaccinated subcutaneously with the RRV, neither fever nor detectable skin lesions were observed. Cattle housed in the same pen as vaccinated animals did not develop either rinderpest virus neutralising antibody or ELISA antibody to vaccinia virus, and succumbed to fatal clinical disease after challenge (26) . These results clearly indicated the absence of adverse reactions or contact transmission by the RRV.
Since the LC16m0 strain used as a vector has been shown to be attenuated in terms of neurovirulence for laboratory animals (15) , the neurovirulence of the RRV was examined by intracerebral inoculation in mice, rabbits and squirrel monkeys. As a control experiment, the LC16m0 and WR strains of vaccinia virus were similarly examined. In mice, both the RRV and the LC16m0 strain were found to be attenuated over one hundred times more than the WR strain in LD 50 (50% lethal dose) tests. The WR strain caused fatal encephalitis in rabbits and monkeys, whereas none of the animals inoculated with the RRV or the LC16m0 strain showed clinical signs or succumbed in the test (2). These results indicated that the RRV was attenuated to a similar level as the parental LC16m0 strain.
Heat stability
The most important feature expected of the RRV is heat stability similar to that of smallpox vaccine. The insertion of a foreign gene into a vaccinia virus vector leads to insertional inactivation of a limited region of the virus genome, thus possibly affecting the heat stability of the resulting recombinant virus. This prompted investigation of the heat stability of the RRV.
As shown in Figure 2 , the potency of the lyophilised RRV remained almost unchanged for one month at both 37°C and 45°C (23) . Under more challenging conditions of 100°C for one hour, the RRV showed only a slight decrease in potency. These tests fulfil the WHO requirements for dried smallpox vaccine. To investigate the heat stability of the RRV after reconstitution, lyophilised RRV was reconstituted using several different types of diluent. Using a diluent containing 5% sorbitol and/or 5% peptone, the reconstituted RRV maintained potency for one week at 37°C or one day at 45°C (Fig. 3) . These results amply demonstrate the practical usefulness of the RRV in areas without an established cold chain.
Genetic stability
Evaluation of the genetic stability of conventional live rinderpest vaccines has been attempted only in terms of the biological characteristics of the virus. A recombinant poxvirus vaccine has a marked advantage in this respect, as variation in the genetic structure of such a virus can be easily detected by analysis of the restriction enzyme patterns. In preliminary tests, the restriction enzyme patterns remained unchanged after five passages in rabbit skin, indicating that the virus is genetically stable in the live animal. Similar results have now been obtained in cattle. 
Vaccine markers
For conventional live virus vaccines, biological markers (e.g. the rct marker of temperature sensitivity for poliovirus vaccine) have been used for quality control of each vaccine lot. As the RRV genome contains the H protein gene of rinderpest virus, the continued presence of this gene serves as an accurate genetic marker by which each lot of vaccine can be tested. As shown in Figure 1 , the H gene of rinderpest virus is inserted into the haemagglutinin region of vaccinia virus, causing insertional inactivation of the haemagglutinin gene. The RRV therefore lacks haemagglutinating activity, and this fact can be used as a biological marker for the RRV. Biological markers characteristic of the parental vaccinia virus vector can also be used. The LC16m0 strain has several such biological markers, including the following: an rct marker similar to poliovirus vaccine; low neurovirulence in laboratory animals; and medium-sized pock formation on the chorioallantoic membranes of developing chicken embryos (15) . These markers can also be used to check for genetic stability of the vaccine product.
Differentiation between natural infection and vaccination
In the case of conventional live virus vaccines, differentiation between vaccinated animals and those which have recovered from natural infection is technically very difficult. The polymerase chain reaction (PCR) has recently been used to demonstrate the presence of mumps vaccine-specific sequences in virus isolates from patients who developed meningitis after vaccination with combined measles/mumps/rubella vaccine.
FIG. 3
Heat stability at 37°C (a) and 45°C (b) of dried recombinant rinderpest vaccine after reconstitution PFU: plaque-forming units This is the first study in which vaccine virus and wild virus have been distinguished in vaccinated patients (24) . A similar distinction between vaccine and field viruses using the PCR has been demonstrated for rinderpest virus (4). However, this approach can only be applied to viruses isolated from clinical cases and is not practical for routine use, especially in the veterinary field. The RRV has a great advantage in this aspect; animals vaccinated with the RRV develop antibody only to the H protein of rinderpest virus, whereas naturally-infected animals develop antibodies to all six virus structural proteins. The NP protein is an especially immunodominant antigen, and the complement fixation test for rinderpest virus detects mainly the antibody to the NP protein. Therefore, the presence or absence of anti-NP antibody can clearly be used to differentiate vaccination with RRV from natural infection (16) .
CONCLUSION
Biotechnology has opened a new era in vaccinology. The recombinant rinderpest vaccines using vaccinia virus as a vector, described in this paper, demonstrate that the oldest vaccine combined with new technology can produce a new and more heat-stable vaccine to combat a devastating virus disease in developing countries. With such vaccines, global eradication of rinderpest can be expected to follow the example of smallpox eradication, as the heat stability of RRV has been proved to be equal to that of the smallpox vaccine. In addition, the RRV has other advantages over the current rinderpest vaccine: genetic stability can be tested by restriction enzyme patterns, and the vaccinated animals can be easily differentiated from naturally-infected animals by determining the presence or absence of anti-NP antibody.
However, controversy remains over the risks associated with the widespread use of recombinant vaccines using vaccinia virus as a vector. Following well-designed field tests, a recombinant rabies vaccine which has the Copenhagen strain of vaccinia virus as a vector is now in practical use for the vaccination of wild animals in Belgium and France (7). The major risk associated with the RRV is incidental infection of humans due to contact with the vaccine or with vaccinated animals. In this respect, the use of the highlyattenuated smallpox vaccine as a vector will minimise this risk, as there is no demonstrable contact transmission among target animals. Recently, a recombinant rinderpest vaccine has been developed using capripox virus as a vector, and this was shown to be effective in protection against both rinderpest and lumpy skin disease (21) . Since capripox virus does not infect humans, this type of recombinant vaccine proposes another approach for veterinary use in areas where capripox and lumpy skin disease are endemic.
Detailed studies on the characteristics of the RRV, as described in this paper, can be considered as models for the future development of recombinant vaccines using vaccinia virus or other poxviruses as vectors. 
PROGRÈS DANS LA MISE AU POINT D'UN VACCIN RECOMBINANT
